Testing of a 5.5 kV silicon (Si) diode and 5.8 kV prototype silicon carbide (SiC) diode in an inductive pulsed plasma thruster (IPPT) circuit was performed to obtain a comparison of the resulting circuit recapture efficiency, , defined as the percentage of the initial charge energy remaining on the capacitor bank after the diode interrupts the current. The diode was placed in a pulsed circuit in series with a silicon controlled rectifier (SCR) switch, and the voltages across different components and current waveforms were collected over a range of capacitor charge voltages. Reverse recovery parameters, including turn-off time and peak reverse recovery current, were measured and capacitor voltage waveforms were used to determine the recapture efficiency for each case. The Si fast recovery diode in the circuit was shown to yield a recapture efficiency of up to 20% for the conditions tested, while the SiC diode further increased recapture efficiency to nearly 30% . The data presented show that fast recovery diodes operate on a timescale that permits them to clamp the discharge quickly after the first half cycle, supporting the idea that diode-clamping in IPPT circuit reduces energy dissipation that occurs after the first half cycle.
Nomenclature
= capacitance = initial capacitor energy = final capacitor energy = loop current = peak reverse recovery current = mean forward current = reverse recovery charge = time of initial current zero crossing = reverse recovery time = capacitor voltage = initial capacitor voltage = final capacitor voltage = maximum reverse blocking voltage = electromagnetic decoupling distance = recapture efficiency
I. Introduction
NDUCTIVE pulsed plasma thruster (IPPT) circuits, such as those needed to operate the Pulsed Inductive Thruster (PIT), are required to quickly switch high-voltage capacitor banks through an inductive acceleration coil at current levels on the order of at least 10 kA operating on a period of 1-10 µs. 1 In most IPPTs, the required voltage holdoff between pulses and the high current levels during pulses have led to the use of spark gaps in discharging the capacitor bank. Recent availability of fast solid-state switching devices capable of both holding off high voltages and conducting increasingly high current has made it possible to consider the use of these switches in modern IPPTs. In addition, the production of a pre-ionized gas prior to the discharge through the acceleration coil permit a reduction in the required discharge energy per pulse for electric thrusters of this type, relaxing the switching requirements for these thrusters. 2 Solid state switches offer the advantage of greater controllability, reliability, and longer lifetime, as well as decreased drive circuit dimensions and mass relative to spark gap switches.
The capacitor bank, inductive acceleration coil, and external resistance and inductance of an IPPT pulse circuit can be modeled as a simple series resistive-inductive-capacitive (RLC) circuit. Once the switch is closed, the natural energy exchange between the reactive components will cause the stored energy in the circuit to oscillate between the capacitive and inductive elements until it has been used to accelerate a plasma or resistively dissipated in the circuit. It has been previously shown 3, 4, 5 that the most efficient coupling of energy into the plasma current sheet of a PIT occurs during the first current half-cycle of the capacitor discharge, when the coil current and current rise rate are maximum and the plasma is spatially closest to the coil. After this time, the current sheet has moved away and is largely electromagnetically decoupled from the inductive coil, leaving the remaining energy in the circuit to be resistively dissipated while performing no work. This energy could be recaptured in the capacitor bank and used inpart for future pulses if the current flow in the circuit can be interrupted after the first half-cycle of the discharge.
Energy recapture can be achieved by placing a fast turn-off diode in series with the main switch. In this case, higher circuit recapture efficiency, , defined as the percentage of the initial charge energy remaining in the capacitor bank after current stops flowing, may be achieved by using a diode that is able to transition, or 'switch,' from the forward conducting state ('on' state) to the reverse blocking state ('off' state) in the shortest amoun t of time, minimizing current ringing and switching losses. This is known as the reverse recovery time and is dependent on the diode material and internal structure. Investigating the effect of diode reverse recovery on recapture efficiency could potentially lead to the development of novel, high-efficiency IPPT circuit topologies.
In Section II, we describe the motivation for more efficient utilization of electrical energy in IPPT pulse circuits and propose how this can be improved through the use of fas t recovery diodes (FRDs). Described in Section III is the design and fabrication of the small-scale IPPT used as a testbed for the several types of diodes. In Section IV, we present the experimental setup used to test several different diode types and quantify their ability to interrupt the oscillating current in the pulse circuit. Comparative data demonstrating the capability to clamp the circuit with different types of diodes, recapturing otherwise dissipated energy in the capacitor bank, are presented in Section V.
II. Inductive Pulsed Plasma Thruster Circuit Topology
After an IPPT completes the first half-cycle of the discharge, during which inductive acceleration of a plasma occurs, any further oscillation of the discharge current causes excess heat generation and power waste, both of which are highly undesirable in a space environment. In the absence of convective cooling, heat removal from circuit components becomes a major concern, particular for electrical components that may fail above a maximum rated operating temperature that is still quite low in terms of the ability to radiate that energy to space. Heating must be managed using heat sinks, which can add significant mass to a system. Similarly, inefficient use of electrical energy necessitates a larger, more massive, and typically more costly electrical power system (EPS). Furthermore, voltage reversals in the circuit have been shown to adversely affect capacitor lifetime. 6 In the absence of a snubber circuit, the high reverse voltage rise rate can s tress the solid state switch, reducing the long-term reliability of the device. As IPPTs are designed for long-duration, deep-space missions that may require the pulse circuit to survive for upto 10 10 discharge cycles 7 , these reductions in component reliability and lifetime are problematic. While the use of one or more redundant circuits will reduce the probability of a system failure, the associated increase in thruster mass, volume, cost, and complexity are clearly undesirable.
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To address these issues, a FRD can be placed in series with an IPPT's switch. The purpose of the diode is to clamp the current in the circuit following the first half-cycle of the discharge. Two PiN structure power diodes 8 were tested in the circuit in Fig. 1 to determine the effect of the diode material on the IPPT circuit recapture efficiency, . The two series diodes tested were a silicon (Si) ABB 5SDF 02D6004 PiN power diode rated for 5.5 kV and 175 A (Fig. 2a) , and a prototype silicon carbide (SiC) PiN diode from Cree, Inc. rated at 5.8 kV (Fig. 2b ). While a current rating for the prototype device is not available, thermal analysis suggests that the device can withstand currents in a 10 µs pulse of up to 400 A. The diode is placed in series with an SCR switch, which is a Dynex™ PT85QWx45, optimized for pulsed power applications. The switch is rated for a maximum reverse blocking voltage, , of 4.5 kV and a mean forward current, of 1670 A. Connecting each diode into the circuit in the same manner yields the same circuit losses for each diode, including conduction and switching losses of the main switch and FRD. This makes the recapture efficiency our best metric for an equivalent, quantitative comparison between the two diodes.
In other applications, it has been shown 9 that SiC devices have a superior reverse recovery response as compared with similarly rated Si devices. The wider bandgap of the material results in a breakdown voltage 10 times higher than that of Si, 10 making it an ideal material for high voltage applications. In addition, the non -linear relationship between the drift region thickness and breakdown voltage allows for much thinner drift regions in wide bandgap devices, resulting in lower conduction voltage drop 11, 12 and less time needed for reverse recovery due to a lower volume of excess charge carriers. SiC also has a high thermal conductivity as compared to other semiconductor materials, and can therefore operate at higher temperatures. Further information on the SiC material properties and its subsequent incorporation into solid-state device designs can be found in Ref. 11 . These characteristics make SiC devices highly promising for IPPT applications as we might expect a SiC diode to result in higher circuit recapture efficiency than what can be obtained using a conventional Si diode. However, SiC device manufacturing is a relatively new process 13 , and validation testing must be performed to determine how they will perform in highpower pulsed circuit applications. 
III. Testbed Thruster Design and Construction
A modular, small-scale IPPT was designed and fabricated at NASA Marshall Space Flight Center (MSFC) to serve as a flexible testbed for solid state switching components and pulsed propellant injection technologies. As these components are integrated and tested in the device, it will eventually permit testing in repetition-rate mode, as opposed to the single-shot testing that has historically been completed in other IPPT development projects. 14 Thruster design specifications and main subsystem fabrication for the bench-top testing configuration are discussed in the following section. Additional information on the testbed thruster design and fabrication can be found in Ref.
14.
The testbed thruster was fabricated using a combination of custom and commercial off-the-shelf (COTS) components. Of the five major subsystems, only three are assembled and integrated for the preliminary bench-top testing described in this paper. These are the acceleration coil, the capacitor bank, and the switch module. A preionizer and pulsed propellant injection valve are not necessary for the electrical switching tests and we re not installed for the present work. The thruster electrical parameters are summarized in Table 1 .
The primary materials used in the prototype testbed fabrication are Lexan, phenolic, and fiberglass rod. A Lexan frame provides the structure on which all thruster components are mounted. The frame is approximately 40 cm (15.75 in) wide, 40 cm (15.75 in) tall, and 38 cm (15 in) long. Four 35 cm (13.8 in) long, 1.6 cm (0.63 in) diameter fiberglass threaded rods connect the two separate pieces of 1.3-cm (0.5 in) thick Lexan that constitute the frame. Components are then mounted onto the rods to hold everything together.
A. Acceleration Coil
The acceleration coil, shown in Fig. 3 , consists of six 10 gauge copper coil wire leads connected in parallel to the remainder of the pulse circuit. The flat coil geometry was chosen because it is relatively simple to fabricate and has been used for previous IPPTs, including the PIT and the Faraday Accelerator with Radio -frequency Assisted Discharge (FARAD) thrusters. 1, 2, 14 The copper coil leads are placed in grooves machined in a Lexan coil form, where each path is in the form of an Archimedes spiral. The inner diameter of the coil is 5 cm (2 in), and the outer diameter is 15 cm (6 in). Each lead starts on the front side of the Lexan coil form, spirals radially outward toward the edge of the pattern, passes through a hole in the Lexan to the back side of the coil, and then spirals radially inward to a point on the backside that is directly opposite from its starting point.
During actual thruster operation, the mutual inductance between the acceleration coil and the plasma current sheet varies as the plasma is accelerated away from the coil. However, in the present work data are presented only for the electrical circuit parameters corresponding to the case where the "plasma" is infinitely far from the coil face. Practically speaking, the plasma is at a Figure 3 . Photograph of the testbed thruster acceleration coil. Silicon-controlled rectifier distance much greater than the coil's electromagnetic decoupling distance, , such that the mutual inductance between the coil and plasma currents has reduced to zero. The coil inductance, , was measured as approximately 700 nH. For completeness, the decoupling distance for the coil, is approximately 6 cm.
B. Capacitor Bank
Energy is stored in a capacitor bank (Fig. 4) and then discharged rapidly through the acceleration coil. The capacitor bank consists of three oil-filled, vacuumcompatible capacitors manufactured by CSI Capacitors. The total capacitance of the bank can be approximately 10, 20, or 30 µF, depending on how many of the capacitors are connected in parallel. For the bench-top testing described here, only one 10 µF was used. The measured capacitance was approximately 9.88 µF.
C. Switch Module
The switch module was assembled in several configurations to permit a comparison of the turn-off, or circuit clamping, capability of two different power diodes to each other, and also to a baseline, no-diode configuration. The ceramic compression ("hockey puck") package SCR is clamped with an applied force of 40 kN (± 10%). The mounting yoke that is used to clamp the SCR consists of two 2.54-cm (1-in) thick phenolic slabs held together by six 13.97-cm (5.5 in) long stainless steel bolts. Phenolic tubes are used to electrically insulate the bolts (Fig. 5) . To facilitate tightening of the bolts, sockets are welded to a metal plate to hold the module in place as the bolts were tightened with a torque wrench to the necessary compressive load. The thruster circuit stray inductance and series diode serve to limit the current and voltage rise rate through the SCR during switching, eliminating the need for a protective snubber circuit. The diodes are connected to the copper tabs clamped to either side of the SCR.
IV. Experiment
The assembled testbed thruster is shown in Fig. 6 . Switching waveform measurements were recorded with no series diode in the circuit to obtain baseline unclamped waveforms . The measurement was repeated using one Si diode and two separate SiC diodes, in turn. Two SiC diodes of the same type were tested to determine whether performance was consistent between the two prototype devices. The circuit schematics and measurement locations for the testing are shown in Figs. 7a and 7b . The loop current is measured using a Pearson current monitor and the voltages across the switch and diode are measured using Tektronix differential high voltage probes. The SCR is activated by a 20 µs trigger pulse applied to the gate using a custom driver circuit.
The current and voltage waveforms collected for a switch module configuration containing only the Dynex SCR with no series FRD provide a baseline against which to evaluate the performance of the Si and SiC diodes in the IPPT. To minimize the risk of damaging the SCR with no diode protection from a high reverse voltage rise rate in place, the circuit in this configuration was operated at a relatively low charge voltage. The collected loop current and switch voltage waveforms for a nominal charge voltage of 250 V are shown in Figure 8a , while the capacitor voltage, is shown in Figure 8b . The measured loop current is used to calculate as ∫ where is the capacitance and is the initial capacitor charge voltage. We observe that the SCR conducts even after the initial current zero crossing, and does not permanently return to a blocking state after the 20 µs trigger pulse is removed. This implieds self-triggering of the SCR, likely caused by high values of reverse votage rise rate in the absence of the series FRD. A curvefit of the loop current waveform indicates a total circuit inductance and resistance of approximately 1.24 µH and 58.6 mΩ, respectively. The frequency of the waveform is found to be slightly greater than 45 kHz. For an unclamped configuration with no series FRD, all or nealy all voltage is assumed to be removed from the capacitor bank following a single ringing discharge cycle. In this case, will be very small or zero.
Switch voltage and loop current waveforms are collected for the Si diode and two SiC diodes of the same type. Measurements of both SiC diodes yielded very similar results, so only the waveforms for one are presented. Figure  9 shows a comparison between the calculated capacitor voltage and loop current for the Si and SiC diode configurations at a nominal charge voltage of 550 V.
The reverse recovery response is observed in the loop current waveform following the first zero corssing. A zoomed-in view of the reverse recovery waveforms (Fig. 9c) clearly shows that the SiC diode experiences a shorter reverse recovery time and lower magnitude reverse recovery current than the Si diode. This relationship is found to hold for each charge voltage tested, as well as for the second SiC diode.
A. Recapture Efficiency
The capacitor voltage waveforms for the Si and SiC diodes, corresponding to nominal charge voltages of 300 V, 350 V, 450 V, and 550 V, are used to calculate the percent recapture efficiency as (2) where and represent the initial and final capacitor bank energies, respectively. These are calculated as
and
where C denotes the capacitance and and are initial and final capacitor bank voltages. The recapture efficiencies for each circuit configuration are summarized in Table 2 .
B. Diode Reverse Recovery
From the measured waveforms, it is apparent that there is a significant difference between the reverse recovery response of the Si and SiC diodes. The diode turn-off time is critical to the performance of the clamped IPPT circuit topology. For each diode, the magnitude of the reverse recovery response increases with increasing forward current. This is due to the greater amount of charge in the intrinsic region at turn-off. 12 The turn-off response can be quantified by computing the reverse recovery parameters, including peak reverse current, , reverse recovery time, , and total reverse recovery charge, . These are estimated from the reverse recovery waveform using a triangular appoxiamtion of the reverse current area (Fig. 10) . Time represents the time of the initial current zero crossing, while is the total time necessary for the diode to transition from a conduction state to a blocking state. The magnitude of indicates the maximum reverse current seen by the device during turn-off. The triangular approximation calculates the total as the area of the shaded region, where estimates the height of the triangle and estimates the length of the base.
The total diode is an important measure of the device turnoff time, in that the greater the charge stored in the intrinsic region at turn-off, the more time is necessary for the diode to transition from a conduction state to a forward blocking state. The charge must either be swept out of the region by an electric field, or recombine with other charged particles in the material. Longer turnoff time often implies high switching power losses and stress on circuit components. The parameters for all three diodes are tabulated in Table 3 . The effect of the FRD on the IPPT circuit performance is evident in Fig. 11 , wh ich shows a comparison between the capacitor voltage and loop current waveforms for the no -diode, Si diode, and SiC diode configurations. Clamping of the circuit energy is observed in Fig. 11a , where both diodes serve to preclude ringing. Figure 11b highlights the difference between the current reversal for each configuration. 
VI. Conclusion
The data demonstrate that diode-clamping in an IPPT circuit permits energy recovery by halting the discharge after the first half-cycle, limiting resistive dissipation and leaving the capacitor bank partially charged. This has the potential to make the circuit more energy efficient and can reduce heating through lower resistive dissipation. Both of these are significant advantages in a space environment, where the production of electricity can be costly from both a financial and mass allocation standpoint and where thermal management of power electronics is a serious concern. In addition, the comparison of the Si and SiC FRDs points to a significant adva ntage in using fastswitching SiC devices for this application. This point is quantified by the circuit recapture efficiency. The use of a series Si FRD in the drive circuit results in a maximum recapture efficiency of over 20% for the conditions tested, while the use of a SiC FRD results in a maximum recapture efficiency approaching 30%. The data show that this difference is largely due to the superior reverse recovery response of the SiC devices, which stems from the unique material properties of the wide bandgap material used.
